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Mg grain boundary (GB) segregation and GB diffusion can impact the processing
and properties of Al-Mg alloys. Yet, Mg GB diffusion in Al has not been measured
experimentally or predicted by simulations. We apply atomistic computer simula-
tions to predict the amount and the free energy of Mg GB segregation, and the
impact of segregation on GB diffusion of both alloy components. At low tempera-
tures, Mg atoms segregated to a tilt GB form clusters with highly anisotropic shapes.
Mg diffuses in Al GBs slower than Al itself, and both components diffuse slowly in
comparison with Al GB self-diffusion. Thus, Mg segregation significantly reduces
the rate of mass transport along GBs in Al-Mg alloys. The reduced atomic mobil-
ity can be responsible for the improved stability of the microstructure at elevated
temperatures.
Keywords: Atomistic modeling; Al-Mg alloys; grain boundary segregation; grain boundary
diffusion.
I. INTRODUCTION
Al-Mg alloys constitute an important class of lightweight structural materials that find
numerous automotive, marine and military applications [1]. Mg improves many mechanical
properties of Al, such as tensile and fatigue strength, ductility, and weldability [1–4], while
maintaining a high strength to weight ratio and a relatively low production cost. Progress
in designing more advanced Al-Mg alloys requires further improvements in the fundamental
knowledge of the Mg effect on the microstructure and properties.
Previous experimental and modeling studies have shown that Mg segregates to Al grain
boundaries (GBs), modifying their thermodynamic and kinetic properties [3–10]. Mg seg-
regation was found to increase both the strength and ductility of Al, as well as thermal
stability of the grains [3, 4, 8, 10]. The stability improvement is attributed to a combi-
nation of the thermodynamic reduction in the GB free energy and the pinning of GBs by
solute atoms due to the solute drag effect. It should be emphasized that the solute drag
process is controlled by diffusion of the solute atoms in the GB region [11–15]. Diffusion
must be fast enough to move the segregation atmosphere along with the moving boundary.
If diffusion is too slow and/or the GB motion too fast, the boundary breaks away from the
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2segregation atmosphere and the drag force abruptly drops [11, 14]. On the other hand, fast
GB diffusion promotes coarsening of the microstructure by accelerating the mass transport
of the alloy components. A detailed understanding of the GB diffusion process and its
relationship with solute segregation is a prerequisite for rational design of Al-Mg alloys.
When the Al matrix is supersaturated with Mg, the excess Mg atoms diffuse toward and
then along GBs and precipitate in the form of the Al3Mg2 phase and/or possibly other,
metastable compounds [4, 16, 17]. Such precipitates usually have a detrimental effect by
causing, for example, corrosion cracking and other undesirable consequences [18]. The
GB precipitation process depends on the level of GB segregation and the rate of Mg GB
diffusion.
Surprisingly, while Al GB diffusion in Mg has been measured [19, 20], to the best of
our knowledge, Mg GB diffusion coefficients in Al or Al-Mg alloys have not been measured
experimentally or predicted by simulations. The only paper known to us [21] contains
highly indirect estimates of the triple product sδD (s being a segregation parameter, δ the
GB width, and D the GB diffusion coefficient)∗ based on electromigration experiments in
thin films at one temperature. These measurements do not provide a complete or reliable
quantitative information on Mg GB diffusion coefficients.
In this paper, we report on detailed atomistic computer simulations of GB segregation
and GB diffusion in the Al-Mg system, focusing on a particular Al-5.5at.%Mg composition
relevant to industrial alloys. Two representative GBs were selected, a high-angle tilt GB
composed of closely spaced structural units, and a low-angle twist GB composed of discrete
dislocations. The latter case essentially probes the dislocation segregation effect and the
dislocation pipe diffusion. In addition to computing some of the key characteristics of
Mg GB segregation over a range of temperatures, the simulations reveal some interesting
features of the segregation, such as the formation of Mg clusters in the high-angle GB and
the tendency of the clusters to have highly elongated shapes reminiscent of linear atomic
chains. The diffusion coefficients and Arrhenius parameters have been computed for GB
diffusion of both Al and Mg, and are compared with Al GB self-diffusion as well as diffusion
of both components in liquid alloys.
II. METHODOLOGY
Atomic interactions in the Al-Mg system were modeled using the Finnis-Sinclair potential
developed by Mendelev et al. [23]. The potential provides an accurate description of the Al-
rich part of the phase diagram and predicts the melting temperatures of Al and Mg to be 926
K [24] and 914 K [25], respectively, in good agreement with experimental data (934 and 922
∗ The units of sδD were not given in [21], but it was later suggested [22], based on previous papers of these
authors, that they could be cm3 s−1.
3K, respectively). The software package LAMMPS (Large-scale Atomic/Molecular Massively
Parallel Simulator) [26] was utilized to conduct molecular statics, molecular dynamics (MD),
and Monte Carlo (MC) simulations. Visualization and structural analysis were performed
using the OVITO software [27].
The high-angle GB studied here was the symmetrical tilt Σ17(530)[001] GB with the
misorientation angle of 61.93◦. The parameter Σ is the reciprocal density of coincident sites,
[001] is the tilt axis, and (530) is the GB plane. This boundary was created by aligning the
crystallographic plane (530) parallel to the x-y plane of the Cartesian coordinate system and
rotating the upper half of the simulation block (z > 0) by 180◦ about the z-axis. The low-
angle GB was the Σ3601(001) twist boundary with the misorientation angle of 1.91◦. In this
case, the GB plane is (001) and the two lattices are rotated relative to each other about the
common [001] axis. The simulation blocks had approximately square cross-sections parallel
to the GB plane. The block dimensions in the x, y and z directions were, respectively,
11.79×11.73×23.67 nm (1.97×105 atoms) for the high-angle GB and 24.27×24.27×48.56
nm (1.72 × 106 atoms) for the low-angle GB. Periodic boundary conditions were imposed
in all three directions.
The initial GB structures were optimized by the γ-surface method [28–30]. In this
method, one grain is translated relative to the other by small increments parallel to the
GB plane. After each increment, the total energy is minimized with respect to local atomic
displacements and rigid translations of the grains normal to the GB plane (but not parallel to
it). The minimized GB energy is plotted as a function of the translation vector, producing a
so-called γ-surface. The translation vector corresponding to the deepest energy minimum on
the γ-surface is identified, and the total energy is further minimized by allowing arbitrary
atomic displacements in all three directions staring from this translational state. The
GB structure obtained is considered the closest approximation of the ground state of the
boundary.
To create a thermodynamically equilibrium distribution of Mg atoms in the Al-
5.5at.%Mg alloy, the hybrid MC/MD algorithm [31] was implemented in the semi-grand
canonical NPT ensemble (fixed total number of atoms N , fixed temperature T , and zero
pressure P ). Every MC step was followed by 250 MD steps with the integration time step
of 2 fs. The imposed chemical potential difference between Al and Mg was adjusted to
produce the desired chemical composition inside the grains. The simulation temperature
varied between 350 K and 926 K.
GB diffusion was studied by NPT MD simulations in the temperature range from 400
K to 926 K using the GBs pre-equilibrated by the MC/MD procedure. During the MD
runs, the GB position could slightly vary due to thermal fluctuations. To account for such
variations, the instantaneous GB position was tracked by finding the peak of the potential
energy (averaged over thin layers parallel to the GB plane) as a function the z coordinate
normal to the boundary. The GB position was identified with the center of the peak, while
4the GB width δ was estimated from the peak width. Based on these estimates, the GB core
region was defined as the layer centered at the peak and having the width of δ = 1 nm for the
high-angle GB and δ = 1.5 nm for the low-angle GB. The mean-square displacements, 〈x2〉
and 〈y2〉, of both Al and Mg atoms parallel to the GB plane were computed as functions
of time. The calculations extended over a time period ∆t ranging from 0.03 ns to 120
ns, depending on the temperature. The GB diffusion coefficients of both species were
extracted from the Einstein relations Dx = 〈x2〉 /2∆t and Dy = 〈y2〉 /2∆t, respectively.
For comparison, similar calculations here performed for Al self-diffusion in both GBs. In
this case, the pure Al boundary was equilibrated by a 2 ns MD run before computing the
mean-square displacements. For the low-angle GB, the symmetry dictates that Dx and
Dy must be equal. Accordingly, the diffusion coefficients reported for this boundary were
averaged over both directions.
For further comparison, the same methodology was applied to compute the diffusion
coefficients of Al and Mg in the liquid Al-5.5at.%Mg alloy at temperatures close to the
solid-liquid coexistence (solidus) line. The simulation block had the dimensions of 11.73×
11.73× 11.73 nm (∼ 105 atoms) and was equilibrated by an MD run for a few ns prior to
diffusion calculations.
III. RESULTS AND ANALYSIS
A. Grain boundary structures and energies
The excess energy of the equilibrated high-angle Σ17 GB was found to be 488 mJ m−2.
The 0 K structure of this boundary consists of identical kite-shape structural units arranged
in a zigzag array as shown in Fig. 1a. The rows of these structural units running parallel
to the tilt axis (normal to the page) can be interpreted as an array of closely spaced edge
dislocations forming the GB core. An identical zigzag arrangement of the kite-shape units
in this GB was earlier found in Cu [15, 32–34] and Ni [35], suggesting that this atomic
structure is common to FCC metals.
The low-angle Σ3601 GB has a smaller energy of 127 mJ m−2 and consists of a square
network of discrete dislocations (Fig. 1b). As expected from the dislocation theory of GBs
[36], the dislocation lines are parallel to the 〈110〉 directions and have the Burgers vectors
of b = 1
2
〈110〉. Furthermore, the Frank formula [36] predicts that the distance between
parallel GB dislocations in the network must be approximately |b|/θ, where θ is the twist
angle. Examination of the GB structure reveals that this prediction is indeed followed very
closely.
5B. Grain boundary segregation
Mg was found to segregate to both GBs at all temperatures studied. Equilibrium seg-
regation profiles were computed by averaging the atomic fraction of Mg over thin layers
parallel to the GB on either side of its current position. The composition profiles dis-
played in Fig. 2 were averaged over multiple snapshots during the MD/MC simulations
after thermodynamic equilibration. The following features of the segregation profiles are
noted:
• Mg segregates to the high-angle GB much stronger than to the low-angle GB.
• The height of the segregation peak increases with decreasing temperature, reaching
about 21 at.%Mg in the high-angle GB and about 7 at.%Mg in the low-angle GB at
the lowest temperature tested.
• At high temperatures approaching the melting point of the alloy (> 850 K), the
segregation profile of the high-angle GB significantly broadens, suggesting that the
boundary undergoes a premelting transformation.
At temperatures between 860 and 870 K, the premelted high-angle GB was observed to
extend across the entire simulation block, transforming it into the bulk liquid phase. Based
on this observation, the solidus temperature of the alloy was estimated to be 865 ± 5 K.
This estimate compares well with the equilibrium phase diagram obtained by independent
calculations in [23]. The low-angle GB did not premelt and could be readily overheated
above the solidus temperature, keeping the dislocation network intact albeit with highly
disordered dislocation cores.
The amount of segregation was quantified by computing the excess number of Mg atoms
per unit GB area at a fixed total number of atoms:
[NMg] = NMg −N
N ′Mg
N ′
. (1)
Here, NMg and N
′
Mg are the numbers of Mg atoms in two regions with and without the GB,
respectively, and N and N ′ are the total numbers of Al and Mg atoms in the respective
regions. These regions were chosen to have the same cross-sectional area parallel to the GB,
and the excess [NMg] was normalized by this area. Accordingly, the units of [NMg] reported
here are the number of excess Mg atoms per nanometer squared. The average value and
standard deviation of [NMg] were obtained by averaging over multiple snapshots generated
during the MC/MD simulations. Fig. 3 shows the amount of Mg segregation as a function
of temperature. As expected from the segregation profiles (cf. Fig. 2), [NMg] decreases with
increasing temperature and is much higher for the high-angle GB than for the low-angle
GB.
6An alternative measure of the Mg segregation is the atomic fraction cGB of Mg atoms
in the GB computed by averaging over a layer of the Gaussian width centered at the
concentration peak (cf. Fig. 2). The GB concentrations obtained are expected to follow the
modified Langmuir-McLean segregation isotherm [37]
cGB
α− cGB =
c
1− c exp
(
− Fs
kT
)
. (2)
Here, c is the alloy composition (atomic fraction of Mg), k is Boltzmann’s constant, Fs is the
segregation free energy per atom, and α is the fraction of GB sites filled by Mg atoms when
the segregation is fully saturated. Fs represents the difference between the free energies
of Mg atoms inside the GB and in the grain interiors. For both GBs, the temperature
dependence of cGB could be fitted by equation (2) reasonably well, see Fig. 4, with the
values of Fs and α listed in Table I. For the low-angle GB, the quality of fit is somewhat
lower because cGB is significantly closer to c. The negative values of Fs indicate that the
interaction between the Mg atoms and the GBs is attractive. The absolute values of Fs
are also meaningful and consistent with previous reports. For example, Mg segregation
energies in Al Σ5 [001] tilt and twist GBs were found to be −0.50 eV and −0.20 eV,
respectively [6]. For the Al Σ11 [311] tilt GB, first-principles calculations predict the Mg
segregation energies of −0.02 eV, −0.070 eV and −0.185 eV for three different GB sites
[7]. It should be noted that the calculations in [6] utilized a different interatomic potential,
and that the values reported in the literature represent the segregation energy, not free
energy. The free energy obtained here additionally includes the effects of the vibrational
and configurational entropies. Furthermore, GB structures typically exhibit a diverse set of
atomic environments, and thus a wide spectrum of segregation energies. The values of Fs
reported in Table I should be interpreted as representative (effective) values. The saturation
parameter α is understood as the fraction of the GB sites with the largest magnitude of Fs.
Given these uncertainties, we consider our results to be in reasonable agreement with the
literature and consistent with the physical meaning of segregation parameters.
A peculiar segregation feature was found in the high-angle GB. While most of the Mg
atoms were distributed in the GB in a random manner, a tendency to form Mg clusters
was observed, especially at low temperatures. Cluster analysis was performed on statically
relaxed snapshots using the OVITO software [27]. An example of clusters is shown in Fig. 5.
To reveal the clustering effect more clearly, only clusters containing 10 or more atoms are
visualized. Figure 6a shows the cluster size distribution at different temperatures (size
being defined as the number of atoms in the cluster). Only clusters containing 6 or more
atoms are included in the distribution. Since such clusters constitute a tiny fraction of the
entire cluster population in the GB, their contribution would be nearly invisible if smaller
clusters were included in the distribution. At most temperatures, it was not unusual to see
clusters containing 10 or more atoms. In fact, even clusters containing 30 to 40 atoms were
occasionally seen at low temperatures. It should be emphasized that the clusters discussed
7here are not a static feature of the GB structure. Instead, they behave as dynamic objects
that randomly form and dissolve during MD simulations, constantly changing their size,
shape and location by exchanging Mg atoms with each other and with the bulk solution.
The clustering of segregated atoms is a clear sign of attractive solute-solute interactions
inside the GB core.
It should also be noted that the clusters shapes are significantly elongated along the tilt
axis. This elongation was quantified by the eccentricity parameter
e =
√
1− 1
2
(
ly
lx
)2
− 1
2
(
lz
lx
)2
, (3)
where lx represents the cluster dimension along the tilt direction, and ly and lz are the
respective dimensions in the two perpendicular directions. The eccentricity was calculated
only when the dimension along the tilt axis was longer than in the perpendicular directions,
and was assigned a zero value otherwise. As evident from Fig. 6b, the cluster elongation
tends to increase (larger e) with the cluster size and decrease with temperature. Large
clusters containing 20 or more atoms looked almost like linear chains.
C. Grain boundary diffusion
Figure 7 shows representative 〈x2〉 versus time plots whose slopes were used for comput-
ing the GB diffusion coefficients. The plots are fairly linear as expected from the Einstein
relation. The slopes of the plots indicate that Al GB self-diffusion is faster than Al GB
diffusion in the alloy, which in turn is faster than Mg GB diffusion in the alloy. For the
high-angle GB, this trend holds at all temperatures studied here. In the low-angle GB, Al
and Mg diffuse at approximately the same rate, and both are slower in comparison with Al
self-diffusion.
The results of the diffusion calculations are summarized in the Arrhenius diagram, logD
versus 1/T , shown in Fig. 8. For the high-angle GB, the diffusion coefficients are reported
separately for both directions, parallel and perpendicular to the tilt axis. Diffusion in the
high-angle GB is several orders of magnitude faster than diffusion in the low-angle GB at
all temperatures. This behavior is typical for metallic systems as reviewed in [38–40]. The
diffusion coefficients closely follow the Arrhenius relation
D = D0 exp
(
− E
kT
)
(4)
at all temperatures below the solidus temperature. Note that Mg segregation reduces or
even eliminates the diffusion anisotropy in the high-angle GB. In pure Al, diffusion along
the tilt axis is faster than in the direction normal to the tilt axis. This trend is general and
was observed in both experiments and previous simulations, for example in Cu and Cu-Ag
8alloys [29, 32, 41, 42]. In the Al-Mg alloy, the anisotropy of Al GB diffusion is significantly
smaller in comparison with that of self-diffusion in pure Al. Furthermore, GB diffusion of
Mg is practically independent of the direction.
Table II summarizes the activation energies E and pre-exponential factors D0 obtained
by fitting Eq.(4) to the simulation data. For the low-angle GB, the diffusivity follows
the Arrhenius relation even above the solidus temperature, which allowed us to include
one extra point (900 K) into the fit. Note that the activation energies follow the trend
EAl-Al < EAl-Alloy < EMg-Alloy, suggesting that the observed retardation of GB diffusion by
Mg segregation is primarily caused by increase in the activation energy. This is also evident
from the converging behavior of the Arrhenius lines in Fig. 7, leading to very similar diffusion
coefficients of Al and Mg close to the melting point.
In pure Al, the self-diffusivity in the high-angle GB was also computed at two additional
temperatures (900 and 914 K) lying above the alloy solidus temperature but below the Al
melting point (926 K). At these temperatures, the boundary develops a highly disordered
atomic structure similar to a liquid layer. Accordingly, the GB diffusion coefficient shows a
significant upward deviation from the Arrhenius behavior and approaches the self-diffusion
coefficient in liquid Al (see inset in Fig. 7). A similar behavior was previously observed
in the same Σ17 GB in Cu [32]. It is interesting to note that Al diffuses in the liquid
alloy somewhat slower than in pure Al, and Mg diffused even slower. This trend mimics
the similar behavior of GB diffusion, suggesting that the underlying cause is the nature of
atomic interactions in the Al-Mg system rather than details of the GB structures.
IV. CONCLUSIONS
We have studied GB segregation and GB diffusion in the Al-Mg system by atomistic
computer simulations combining MD and MC methods. A typical Al-5.5at.%Mg alloy and
two representative (high-angle and low-angle) GBs were chosen as models. The conclusions
can be summarized as follows:
• In agreement with previous reports, Mg strongly segregates to high-angle GBs and,
to a lesser extent, to low-angle GBs composed of dislocations. At low temperatures,
such as 350 K, the local chemical composition in GBs can exceed 20 at.%Mg.
• The amount of GB segregation increases with decreasing temperature. The effective
free energy of GB segregation is estimated to be about −0.28 eV/atom for the high-
angle GB studied here and much smaller (∼ −0.01 eV/atom) for the low-angle GB.
• Distribution of the segregated Mg atoms over a GB is highly non-uniform. In the
high-angle tilt GB, the Mg atoms tend to form clusters containing 10 to 30 atoms,
especially at low temperatures. Such clusters are elongated parallel to the tilt axis and
9are similar to linear atomic chains. We hypothesize that the chemical heterogeneities
in segregated GBs can serve as precursors of intermetallic compounds during their
nucleation in oversaturated alloys.
• The clustering trend suggests that the GB solution can have a miscibility gap. While
this line of inquiry was not pursued in this work, it seems quite possible that Al-Mg
GBs can exhibit 2D phases and phase transformations among them [14, 43].
• At high temperatures approaching the solidus line, the high-angle GB studied here
exhibits a premelting behavior by developing a highly disordered, liquid-like structure.
By contrast, the low-angle GB does not premelt and can be overheated past the solidus
line. While the individual dislocations do become disordered, the dislocation network
itself remains intact, demonstrating an extraordinary thermal stability.
• Mg segregation strongly affects the rate of GB diffusion in Al-Mg alloys. Mg GB
diffusion is slower than Al GB self-diffusion in pure Al. Furthermore, Mg segregation
slows down the GB diffusion of Al itself. This diffusion retardation effect is especially
strong at low temperatures (Fig. 7) and could be one of the factors responsible for
the stabilization of microstructure in Al-Mg alloys.
• The diffusion retardation effect caused by the Mg segregation is primarily due to the
significant (about a factor of two) increase in the activation energy of GB diffusion
(Table II). Although further studies are required to understand the underlying atomic
mechanisms, it is likely that the Mg clusters act as traps for both Mg atoms as well
as vacancies and interstitials.
• Mg segregation reduces the anisotropy of GB diffusion.
• Mg diffusion in high-angle GBs is several orders of magnitude faster than diffusion in
low-angle GBs at the same temperature.
In the absence of experimental data, the GB diffusion coefficients obtained in this work can
provide useful reference information for further investigations of Al-Mg alloys. GB diffusion
coefficients appear as input material parameters in many models describing processes such
precipitation aging, solute drag, and micro-creep to name a few.
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Grain boundary Fs (eV) α R
2
Σ17(530)[001] tilt −0.281± 0.004 0.166± 0.001 98.39%
Σ3601(001) twist −0.014± 0.001 0.891± 0.021 93.88%
Table I: Segregation free energy and the fraction of available segregation sites extracted from the
simulation results. The last column reports the R2 coefficient of determination characterizing the
qualify of fit by the Langmuir-McLean model in Eq.(2).
Direction Al in pure Al Al in alloy Mg in alloy
Σ17(530)[001] GB
E (eV)
‖ tilt axis 0.73± 0.02 1.22± 0.05 1.52± 0.08
⊥ tilt axis 0.83± 0.01 1.27± 0.03 1.54± 0.06
D0 (m
2/s)
‖ tilt axis (3.33+1.23−0.90)× 10−6 (2.60+3.45−1.48)× 10−3 (8.48+21.26−6.06 )× 10−2
⊥ tilt axis (1.57+0.34−0.28)× 10−5 (5.38+3.60−2.16)× 10−3 (1.12+1.99−0.72)× 10−1
Σ3601(001) GB
E (eV) ⊥ twist axis 0.66± 0.04 1.16± 0.09 1.18± 0.06
D0 (m
2/s) ⊥ twist axis (1.33+0.93−0.55)× 10−8 (1.27+3.56−0.94)× 10−5 (1.47+2.08−0.86)× 10−5
Table II: The activation energy E and pre-exponential factor D0 for GB diffusion in pure Al and
in the Al-Mg alloy.
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(a)
(b)
Figure 1: Structures of the GBs studied in this work. (a) Symmetrical tilt Σ17(530)[001] GB
composed of kite-shape structural units. The structure is projected along the [001] tilt axis normal
to the page. The GB plane is horizontal. The open and filled circles represent atoms located in
alternating (002) planes parallel to the page. The structural units are outlined by dotted lines.
(b) Top view of the Σ3601(001) twist GB composed of 12 〈110〉 edge dislocations. The {001} GB
plane is parallel to the page. The dislocations are visualized by the bond-order analysis using
OVITO [27]. The perfect-lattice atoms are removed for clarity.
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Figure 2: Mg segregation profiles in (a) Σ17(530)[001] tilt GB and (b) Σ3601(001) twist GB at
several temperatures. The alloy composition is Al-5.5at.%Mg.
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Figure 3: Mg segregation in the Al-5.5at.%Mg alloy as a function of temperature for the (a)
Σ17(530)[001] tilt GB and (b) Σ3601(001) GB. The error bars represent one standard deviation
from averaging over multiple snapshots.
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Figure 4: Mg atomic fraction in the (a) Σ17(530)[001] tilt GB and (b) Σ3601(001) GB as a function
of temperature. The points represent simulation results while the curves were obtained by fitting
the Langmuir-McLean model in Eq.(2).
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Figure 5: Mg clusters in the Σ17(530)[001] tilt GB at 400 K. The GB plane is parallel to the page.
Only clusters containing 10 or more atoms are shown for clarity.
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Figure 6: Size and shape of Mg clusters in the Σ17(530)[001] tilt GB at selected temperatures. (a)
Size distribution. The vertical axis gives the number of clusters of a given size in the simulation
block averaged over multiple snapshots. (b) Eccentricity of the clusters, given by Eq.(3), plotted
as a function of the cluster size.
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Figure 7: Mean-square atomic displacement normal to the tilt axis versus time in the Σ17(530)[001]
GB at the temperature of 750 K. The lines represent GB self-diffusion in pure Al and GB diffusion
of Al and Mg in the Al-5.5at.%Mg alloy.
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Figure 8: Arrhenius diagram of GB diffusion coefficients (points) and their liner fits (dashed lines).
The square and circle symbols represent diffusion parallel and normal to the tilt axis, respectively,
in the high-angle GB. The triangular symbols represent diffusion in the low-angle GB. The inset
is a zoom into the high-temperature region showing diffusion in liquid Al and the liquid alloy (star
symbols).
